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Abstract 

We calculate the corrections to the strange matrix elements of the nucleon 
resulting from the breaking of rotational invariance on the light-cone. In the 
meson cloud model, the strange magnetic moment fj-s is seen to change sign 
once the spurious form factors arising from this violation are subtracted. The 
resulting fis is small and slightly positive, in agreement with the trend of the 
recent data from the SAMPLE experiment. The value of the strange magnetic 
form factor is predicted to be largely independent over the range accessible 
in upcoming experiments. 

PACS numbers: 13.60.Hb, 13.87.Fh, 13.88. -Fe 
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Unraveling the strangeness content of the nucleon is one of the more intriguing aspects of 
recent nucleon structure studies From the first polarized deep- inelastic muon-proton 

scattering experiments at large 0, which suggested a negatively polarized strange quark 
sea in the nucleon, and the studies of elastic neutrino-proton scattering cross sections at 
small [0, evidence has been accumulating for the non-trivial presence of strange quarks 
in the nucleon. Although the total number of strange and antistrange quarks in the nucleon 
must of course be the same, their distributions in coordinate or momentum space need not be 
equivalent 0. While perturbative QCD predicts equal s and s distributions in the nucleon, 
there is no fundamental symmetry which imposes this restriction outside of perturbation 
theory. Understanding the strangeness properties of the nucleon should therefore lead to a 
better appreciation of the role of non-perturbative QCD in nucleon structure. 

In response to the interest created by the original measurements in the strangeness 
distributions in the nucleon, several experiments involving parity-violating electron scatter- 
ing from protons and deuterons were proposed at MIT/Bates and Jefferson Lab to measure 
neutral current form factors, from which various strange quark matrix elements could be 
extracted. Recently the SAMPLE Collaboration at MIT/Bates reported the results of 
the first measurement of the strange magnetic form factor of the proton, Gf^, in the elastic 
scattering of 200 MeV electrons from protons at backward angles with an average = 0.1 
GeV^. The trend of the data indicate a positive magnetic moment to the proton, albeit with 
large errors P]: Gf^(Q^ = O.lGeV^) = +0.23 ± 0.44 nucleon magnetons (n.m.). 

A non-zero strangeness content of the nucleon can be naturally accommodated within a 
number of models of nucleon structure. One of the simplest and most popular of these is the 
kaon cloud model. Through quantum fluctuations, the nucleon here is viewed as having some 
probability of dissociating into a virtual kaon and hyperon, both of which carry strangeness 
quantum numbers. Because of the very different masses and momentum distributions of 
the kaon and hj^eron, the overall strange and antistrange quark distributions are therefore 
expected to be quite different, leading, for example, to a non-zero strangeness radius, as well 
as strange magnetic moment lis = Gfi{Q'^ = 0). 

A common assumption in the application of the kaon cloud model is the impulse ap- 
proximation, in which one truncates the hadronic Fock space at the one-meson level, and 
omits contributions arising from many-body currents. It is known, however, that the use 
of one-body currents alone for composite systems leads to a violation of Lorentz covariance 
0, which would not be the case if one were to include the complete Fock space in the cal- 
culation IQ]. In this note we will investigate in more detail the consequences of the impulse 
approximation assumption, and in particular show that the magnitude and even the sign 
of the strange magnetic moment are very sensitive to the corrections which arise from the 
Lorentz covariance breaking. 

One should note that the issue of relativistic covariance is relevant both for light-front p| 
as well as instant-form PJTO[] quantization. While on the light-front it is closely connected 
with the well known problem of violation of rotational invariance, in the instant-form ap- 
proach the restriction to one-body currents also leads to a violation of Lorentz covariance, as 
discussed in Ref. [jlO[- Irrespective of the orientation of the quantization surface, the prob- 
lem exists because one-body currents, which do not include interactions, do not commute 
with the interaction-dependent generators of the Poincare group. Consequently, an incorrect 
four-vector structure will appear in the matrix elements of the current operator, resulting 
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in the appearance in the full electroweak current of additional unphysical, or spurious, form 
factors, which would not be present if the symmetry were preserved. Nevertheless, it is still 
possible, to quantitatively estimate the extent of the covariance violation within a specific 
model. 



In the explicitly covariant formulation of light-front dynamics developed in Refs. P,p 
a specific method was proposed to extract the nucleon's physical form factors, excluding the 
spurious contributions. It turns out that the unphysical form factors are most evident for 
quantities that are small in magnitude, such as the neutron's electromagnetic form factors, or 
the strangeness form factors. The former was investigated in Ref. |^ in a simple constituent 
quark model of the nucleon, where it was found that the difference between the physical form 
factors and those obtained from the electromagnetic current without subtracting the spurious 
contributions can be as large as 50% at high momentum transfers. In view of the importance 
of determining accurately the strange properties of the nucleon in current and upcoming 
experiments, one should obviously re-examine the effect of the impulse approximation in 
the calculation of strange form factors of the nucleon. As discussed in Ref. |T^, there are 



a number of reasons why a light-cone description of the dynamics is more attractive for 
this application. We shall therefore restrict ourselves to the calculation of the form factors 
within light-front quantization, and adopt the approach developed in Ref. to expunge the 
unphysical contributions. 

In the covariant light-front approach the state vector is defined on a light-front given 
by the invariant equation n ■ x = 0, where n is an arbitrary light-like four vector, = 0. 
In constructing the most general form of the electroweak current on the light-cone one has, 
in addition to the nucleon and current q'^ four-momenta, the vector n'^, specifying the 
orientation of the light-cone plane. In principle, no physical quantity can depend on n'^. 
Following Refs. P,pi|, one can show that the most general covariant form of the strange 



current operator can be written in terms of 5 form factors — the usual Ff and F2 , plus 
an additional three, whose coefficients depend on P|: 



^ = Hp') 
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where 77 = Q'^/AM'^, = —q^ = —{p' — pY and P = p' + p, with the auxiliary condition 
n - q = 0. The new n-dependent structures appearing in the decomposition of the amplitude 



for a spin 1/2 particle in Ref. ||^ are essentially the same as those in Ref. [jTO[ , differing only 
in the normalization integral, which in |^ coincides with the electric form factor at = 0. 
In principle, the form factors themselves can also depend on the vector n^, however, the 
n-dependence can only enter in the form of the ratio n ■ p/n ■ p' [|], which is unity from the 
condition n ■ q = 0. 

One can compare the covariant light-front formulation with the standard approach of 
calculating matrix elements on the light-cone from the "+" component of the current |]T3| 



= n - , where a particular choice is made for n: = (1; 0, 0, —1), i.e. t + z = 0. Taking 
the /i = + component of the current in Eq. ([^) eliminates two of the unphysical contributions, 
although one is still left with the Bf form factor. In fact, for the /i = + component Eq.(|I]) 
can be written: 
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where = + 2riB^ /(I + r]) and F2 = + 2i?f /(I + 77) (henceforth the symbol~ refers 
to form factors obtained from the "+" component of the current). Note that even though 
Eg. (P5|) takes a form just hke that allowed by Lorentz covariance constraints, the physical 
form factors are Ffg, and not F^2- The dependence of F^2 the spurious Bf contribution 
is a manifestation of the violation of rotational invariance inherent in the "+" prescription, 
which introduces an asymmetry between the z and (x, y) axes. 

An important observation from the above expression for Ff is that Ff (0) = Ff (0), which 
is essentially the splitting function from which the deep- inelastic strange quark distribution 
in the meson cloud model is calculated |]T2|,|T1| . Consequently, within the light-cone approach 



the structure functions can be calculated unambiguously within the impulse approximation, 
without any unphysical n-dependent contributions. Furthermore, for the measured Sachs 
electric and magnetic form factors one can write the physical form factors as: 



Ff 



F,' + Fi 



-- G| 
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(3a) 
(3b) 



Therefore, it is only the magnetic form factor which suffers contamination from the un- 
physical contributions due to Lorentz covariance breaking, while the electric form factor 
remains unchanged. This can be understood from the fact that it is only the magnetic form 
factor which is related to the matrix element of the spatial components of the current, so 
that it receives contributions from the spurious form factors associated with the rotational 
invariance breaking. 

One should also note that, unlike for spin-1/2 and 1 particles, the matrix elements of the 
J+ component for spin-0 particles such as the pion do not involve unphysical form factors 
||8|JT0[|. For spin-1 systems, for example the deuteron, analogous expressions for the form 
factors were obtained in Ref. [^. In fact, the problem of Lorentz covariance was explored 
for the deuteron axial current using light-front dynamics in Ref. |15|. There the axial form 



factor was explicitly shown to be sensitive to the choice of the matrix element of the axial 
current, which reflects the fact that this operator must contain contributions from two- 
body currents if rotational covariance is to be maintained [0. This problem was recently 
reanalyzed by Keister in the manifestly covariant scheme of Gross |18[, and compared 
with the light-front approach in an attempt to study the sensitivity to the form of relativistic 
dynamics. 

Having outlined the general approach to obtaining the physical form factors of the nu- 
cleon consistently within the impulse approximation, we can now proceed to investigate the 
effect on the strange magnetic form factor within the kaon cloud model. It is straightforward 
to evaluate the contributions to i?f from the interaction of the current with the kaon and 
hyperon components of the nucleon. (In practice, although the S, S*, • ■ ■ hyperons can 
be included, the A is by far the most dominant contribution to the strange nucleon form 
factors.) One can define a generic strange form factor as a sum of A and K contributions: 



^^(g2)=^(A)(g2)_^^(i.)(g2 



(4) 
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where = Gfj or Bf . The results for the contributions to Gfj were given in Ref. [|T2|. For 
the interaction with the A, the contribution to can be written: 



W h 'J y'il-y){MlK,-M^)iMl^j-M^) 



(5) 



where 



J(A) 



- (A;2 (1 _ 2y) - 2(k^ • q^)2(l -y) + (Ml - y^M') 

+ {l-y)\l/A)/y for G(^) 
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^1(1 - 3y) + 2(k^ • q^)2(l - y) - {1 - y){Ml - y^M^] 



(6) 



-{l + y){l-yfql/A)/2y 



for B\ 



(A) 



where q5_ = qi/?! is a unit vector. 

For the KNA vertex we assume a pseudoscalar ij^ interaction (the same results are ob- 
tained with a pseudovector coupling), with Qkna the coupling constant, and the hadronic 
vertex function, which we parameterize in terms of a cut-off mass Aj^a -^(-^ak i{f)) ~ 



j^jy -r j^i-AK,iif)J- The squared center of mass energies ■M\K,i{f) Eq.(|g) de- 
pend on the invariant mass squared Ai^ = {pk+PaY = (^1 + Ml)/y+ {k^ + m\) /(I — y) 
of the KK system, where and Ma are the masses of kaon and hyperon, respectively, and 
Pk and pa are their four-momenta. For the sign of the strangeness we adopt the convention 
of Ref. [jl9|, in which Qa = +1 is the strangeness charge of the A. One can check the 

HI- 



consistency of Eqs.® and (||) using Eq.(^) to obtain the G^^^ as calculated in Ref. 



The kaon contribution to can be written: 



9kna 



dy 
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where 



2kl - 2(kx ■ qx)^ 



for Gif) 



{k] 



;i - y)/y - 2kl + 2(kx • q^f + {Ml - y'M'){l - y)/y 



(8) 



-y{l-y)ql/A)/2 for B[ 



and Qk = — 1 is the strangeness charge of the kaon. The expression for G\.^ especially is now 
very simple, depending only on the relative orientation of the kaon and photon momenta. 
In particular, there is no contribution to G^^^ from the configuration where k^ and q_L are 
parallel, for which it would be impossible to flip the nucleon spin through the interaction 
with the spin-0 kaon. As we shall see below, the contribution from the i^-interaction diagram 
to the magnetic moment will be instrumental to its change of sign. 

The results for the Bf form factor turn out to be quite large in magnitude, but opposite 
in sign compared with Gf^, for the same value of the cut-off mass parameter A^^a- The com- 
bined effect, illustrated in Fig.l (solid curve), is a value for which is almost independent 
of Is^KA- Also shown is the uncorrected value Jis = Gfj{0) (dotted curve), and — 2i?f (0) 
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(dashed curve). In fact, the Bi^^ form factor is negative, making the contribution to the 
magnetic moment from the A-interaction more positive than for the uncorrected G^^\ The 
same is true for the i^'- interaction contribution, where b[^\ which is also negative, gives 
a less negative contribution to G^j^^ compared with G^. The final effect is that both the 
i^-interaction and A-interaction diagrams now contribute with almost the same magnitude 
and opposite sigm making the total magnetic moment very small and positive: for A^a = 1 
GeV, one has G^jyj\o) = 0.044 n.m. and G^^\o) = —0.034 n.m., for a total strange mag- 
netic moment fis = +0.010 n.m. This is to be compared with G^^\o) = 0.011 n.m. and 
Gm\^) = —0.085 n.m., with Jls = —0.074 n.m. In fact, all previous estimates of the strange 



magnetic moment in meson cloud models have obtained negative values |^,12|. The above 



results clearly illustrate the point that calculations of form factors in the impulse approxima- 
tion, which utilize only single-particle operators, need to be treated with considerable care. 



Even with the inclusion of so-called seagull terms which are examples of many-body 
contributions, the effects from the Lorentz covariance breaking will still remain dominant. 

In Fig. 2 we show the total strange magnetic form factor Gf.jlQ"^) as a function of Q^, for 
values of A^a between 1 and 3 GeV (shaded region). Surprisingly, the result seems almost 
entirely independent of Q^, which is a consequence of the cancellation between the Bf and 
Gfi terms above. Also shown is the recent data point from the SAMPLE Collaboration, 
which gave a value of Gf^(O.lGeV^) = +0.23±0.37±0.15±0.19 n.m., where the errors are, 
respectively, statistical, systematic, and that coming from the uncertainty due to the axial 
radiative corrections and uncertainties in extracting Gf ^ from the measured asymmetry . 

In summary, the breaking of Lorentz covariance due to the use of the impulse approxima- 
tion in the calculation of form factors of composite systems manifests itself in the appearance 
of unphysical form factors in the definition of the current. We have investigated the con- 
sequences of this breaking within the meson cloud model of the nucleon, by removing the 
spurious contributions according to the prescription outlined in Ref. 0. For the strange 
magnetic form factor these contributions are significant, and give rise to large cancellations, 
leading to an overall change of sign for the physical Gf,j form factor compared with earlier 
estimates [^|12|- The small (positive) value of the strange magnetic moment fis is found 
to be largely independent of the details of the KNA vertex function, which is the main 
parameter in the model. It will be of considerable interest to see to what extent the results 
in Figs. 1 and 2 are supported in upcoming parity-violating experiments at Jefferson Lab 
21|, which will map out the dependence of the strange form factors over a larger range 



of kinematics. 



ACKNOWLEDGMENTS 



We would like to thank X. Ji and J.-F. Mathiot for helpful discussions. M.M. wishes 
to thank the TQHN group at the University of Maryland for their hospitality during his 
extended visit, and the Brazilian agency CAPES grant no. BEX1278/95-2 for the financial 
support which made this visit possible. This work was supported by the DOE grant DE- 
FG02-93ER-40762. 



6 



REFERENCES 



[1] M.J. Musolf, T.W. Donnelly, J. Dubach, S.J. Pollock, S. Kowalski, and E.J. Beise, Phys. 

Rep. 239, 1 (1994). 
[2] E.J. Beise, et al, in Proceedings of SPIN96 Symposium, |nucl-ex/9610011 . 
[3] J. Ashman et al, Nucl. Phys. B328, 1 (1989); B. Adeva et al, Phys. Lett. B 329, 399 

(1994); K. Abe et al, Phys. Rev. Lett. 74, 346 (1995). 
[4] L.A. Ahrens et al, Phys. Rev. D 35, 785 (1987); G.T. Garvey, W.C. Louis, and D.H. 

White, Phys. Rev. C 48, 761 (1993). 
[5] X. Ji and J. Tang, Phys. Lett. B 362, 182 (1995). 

[6] SAMPLE Collaboration, B. Mueller et al, Phys. Rev. Lett. 78, 3824 (1997). 
[7] B.D. Keister, Phys. Rev. D 49, 1500 (1994). 

[8] V.A. Karmanov and J.-F. Mathiot, Nucl. Phys. A602, 388 (1996). 

[9] B.R. Holstein, in Proceedings of the Caltech Workshop on Parity Violation in Electron 
Scattering, p. 27, E.J. Beise and R.K. McKeown (eds.) (World Scientific, Singapore, 
1990); W. Koepf, E.M. Henley, and S.J. Pollock, Phys. Lett. B 288, 11 (1992); M.J. 
Musolf and M. Burkardt, Z. Phys. C 61, 433 (1994); H. Forkel, M. Nielsen, X. Jin, and 
T.D. Cohen, Phys. Rev. C 50, 3108 (1994); P. Geiger and N. Isgur, Phys. Rev. D 55, 
299 (1997). 

[10] A. Szczepaniak, C. Ji, and S.R. Cotanch, Phys. Rev. D 52, 2738 (1995); Phys. Rev. D 
52, 5284 (1995). 

[11] V.A. Karmanov and A.V. Smirnov, Nucl. Phys. A546, 691 (1992). 
[12] W. Melnitchouk and M. Malheiro, Phys. Rev. C 55, 431 (1997). 
[13] G.P. Lepage and S.J. Brodsky, Phys. Rev. D 22, 2157 (1980). 

[14] W. Melnitchouk and A.W. Thomas, Phys. Rev. D 47, 3794 (1993); A.W. Thomas and 
W. Melnitchouk, in: Proceedings of the JSPS-INS Spring School (Shimoda, Japan) 
(World Scientific, Singapore, 1993); H. Holtmann, A. Szczurek, and J. Speth, Nucl. 
Phys. A569, 631 (1996). 

[15] T. Frederico, E.M. Henley, and G.A. Miller, Nucl. Phys. A553, 617 (1991). 

[16] L.L. Frankfurt, T. Frederico, and M.I. Strikman, Phys. Rev. C 48, 2182 (1993). 

[17] B.D. Keister, Phys. Rev. C 55, 2171 (1997). 

[18] F. Gross, Phys. Rev. C 26, 2203 (1982). 

[19] R.L. Jaffe, Phys. Lett. B 229, 275 (1989). 

[20] K. Ohta, Phys. Rev. C 40, 1335 (1989); F. Gross and D.O. Riska, Phys. Rev. C 36, 
9128 (1987); S. Wang and M.K. Banerjee, Phys. Rev. C 54, 2883 (1996). 

[21] TJNAF Proposal No. PR-91-004, E.J. Beise, spokesperson; TJNAF Proposal No. PR- 
91-010, J.M. Finn and P.A. Souder, spokespersons; TJNAF Proposal No. PR-91-017, 
D.H. Beck, spokesperson. 



7 



FIGURES 



0.4 
0.2 





•0.2 h 
■0.4 





-25^(0) 
























.......Ms 







1 



2 



A^^(GeV) 



3 



FIG. 1. Strange magnetic moment (solid) as a function of meson-nucleon vertex function 
cut-off mass A/^a- Also shown are the unphysical /i^ (dotted) and — 2i?f (0) contributions (dashed). 



CN 
Of 



CO 



"55 



0.6 
0.4 h 

0.2 



•0.2 



SAMPLE data 



K cloud 



0.25 0.5 ^ 0.75 
Q^(GeV^) 



FIG. 2. Strange magnetic form factor of the proton G^.[{Q'^) as a function of . The shaded 
region is the kaon cloud prediction, for Kkk = 1 (lower curve) and 3 (upper curve) GeV. The data 
point is from the SAMPLE experiment B. 
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